At the radioactive ion beam facility REX-ISOLDE, neutron-rich zinc isotopes were investigated using lowenergy Coulomb excitation. These experiments have resulted in B(E2, 2 74,76 Zn and the determination of the energy of the first excited 2 + 1 states in 78,80 Zn. The zinc isotopes were produced by high-energy proton-(A = 74, 76, 80) and neutron-(A = 78) induced fission of 238 U, combined with selective laser ionization and mass separation. The isobaric beam was postaccelerated by the REX linear accelerator and Coulomb excitation was induced on a thin secondary target, which was surrounded by the MINIBALL germanium detector array. In this work, it is shown how the selective laser ionization can be used to deal with the considerable isobaric beam contamination and how a reliable normalization of the experiment can be achieved. The results for zinc isotopes and the N = 50 isotones are compared to collective model predictions and state-of-the-art large-scale shell-model calculations, including a recent empirical residual interaction constructed to describe the present experimental data up to 2004 in this region of the nuclear chart.
At the radioactive ion beam facility REX-ISOLDE, neutron-rich zinc isotopes were investigated using lowenergy Coulomb excitation. These experiments have resulted in B(E2, 2 74, 76 Zn and the determination of the energy of the first excited 2 + 1 states in 78, 80 Zn. The zinc isotopes were produced by high-energy proton-(A = 74, 76, 80) and neutron-(A = 78) induced fission of 238 U, combined with selective laser ionization and mass separation. The isobaric beam was postaccelerated by the REX linear accelerator and Coulomb excitation was induced on a thin secondary target, which was surrounded by the MINIBALL germanium detector array. In this work, it is shown how the selective laser ionization can be used to deal with the considerable isobaric beam contamination and how a reliable normalization of the experiment can be achieved. The results for zinc isotopes and the N = 50 isotones are compared to collective model predictions and state-of-the-art large-scale shell-model calculations, including a recent empirical residual interaction constructed to describe the present experimental data up to 2004 in this region of the nuclear chart. 
I. INTRODUCTION
The nuclei near Z = 28 form a region of intensive research in both their experimental and theoretical properties. The nickel isotopes cover nuclei encompassing three doubly closed shell numbers, i.e., N = 28, N = 40, and N = 50. There is a particular interest in possible variations in both the position (neutron number N and proton number Z) and size (energy gap) of the traditional shell gaps because the ratio N/Z for nickel isotopes ranges from 1 near stability to 1.8 in the most neutron-rich nickel nuclei. Recent review articles [1, 2] study proton and/or neutron single-particle energy variations (the so-called monopole energy shift) for the whole nuclear mass region, with particular attention to the region near Z = 28. There are by now convincing experimental results for a changing shell structure in lighter nuclei (e.g., N = 8 [3] , N = 20 [4] , N = 28 [5] ); however, in heavy r-process waiting point nuclei with N = 82, contradictory results have been reported [6, 7] .
Even though the origin of the changing shell structure is determined by the average nucleon-nucleon matrix elements [8] [9] [10] that describe the relative self-energy Hartree-Fock-(Bogoliubov) [HF(B)] variations, it has been shown that the proton-neutron tensor nucleon-nucleon force component is one of the dominant components [11, 12] responsible for the observed single-particle variations. This tensor force implies in particular an attractive contribution to the energy of a proton moving in the π 1f 5/2 (l = j − 1/2) orbital when filling the ν1g 9/2 (l = j + 1/2) orbital while a repulsive contribution to the energy of a proton moving in the π 1f 7/2 (l = j + 1/2) spin-orbit partner orbital results, when filling the ν1g 9/2 orbital. Experimental hints for a corresponding decrease in the ( π1f 5/2 − π1f 7/2 ) proton energy gap is found from the increased collectivity in 70 Ni [13] . Going beyond the effect of single-particle energy variations as given through the monopole term, more detailed insight and results can be obtained only when large-scale shell model calculations are carried out. These calculations should at least be performed in the valence space consisting of 2p 3/2 1f 5/2 2p 1/2 -1g 9/2 orbitals for both protons and neutrons. Moreover, constructing a nucleon-nucleon interaction for this model space, which should be able to describe nuclei and their properties situated between 56 Ni and 100 Sn, is one of the current paradigms in nuclear structure. The above space should even be extended to include the proton 1f 7/2 orbital to allow for proton particle-hole excitations across Z = 28 if one tries to understand the polarizability of the Z = 28 shell when neutrons start filling orbitals between N = 28 and N = 50. It should have become clear that to reach a stage of predicting nuclear properties correctly, experimental information on the most exotic nuclei (Z ≈ 28, N ≈ 50) is highly important to constrain future effective interactions.
In the present study, we report on the Coulomb excitation experiments performed at REX-ISOLDE with postaccelerated beams of neutron-rich even-even zinc isotopes 74, 76, 78, 80 Zn. With two protons outside the Z = 28 proton shell and the gradual occupation of neutrons in the 1g 9/2 orbital, these zinc isotopes are ideally suited to study the evolution of the Z = 28 shell gap and the stability of the N = 50 neutron shell gap near 78 Ni. The experiments have resulted in B(E2, 2 74−80 Zn and the determination of the energy of the first excited 2 + state in 78,80 Zn, which have already been reported in Ref. [14] . Furthermore, B(E2, 4 74, 76 Zn are reported in addition. The production method, the postacceleration at REX-ISOLDE, and the normalization of the different experiments are extensively described in Sec. II. In Sec. III, the extended zinc systematics are compared to newly performed shell-model calculations, collective model predictions, and systematics of neighboring even-even isotopes.
II. MEASUREMENTS

A. Production, postacceleration, and Coulomb excitation of the radioactive ion beams
The zinc beams were produced by bombarding a 50 g/cm 2 UC x target, enriched in 238 U, with 1.4-GeV protons at a [20] ). The fraction of gallium over zinc isotopes in the laser-ionized postaccelerated beam is given in the third column. The measured beam intensity of zinc isotopes after mass separation (1) and postacceleration (2) is given in columns 4 and 5. REX refers to the overall transmission efficiency from the primary to the secondary target (see text for details). maximum intensity of 3.2 × 10 13 protons/pulse and an average pulse repetition rate of 2.4 s, delivered by the PS Booster at CERN. The isotopes produced diffuse out of the heated primary target through a transfer line toward another heated tube, the ionizer cavity. Laser light is sent inside this ionizer cavity and zinc isotopes are resonantly ionized. The 1 + charged zinc ions are extracted from the ion source by applying a 60-kV electrostatic potential and are subsequently mass separated by the General Purpose Separator (GPS). The selectivity of the RILIS (Resonance Ionization Laser Ion Source) [15] is hampered by the high temperature of the ion source cavity, because elements with a low ionization potential are surface ionized. The surface-ionized species are extracted as well and result in isobaric contamination after mass separation. The elements with low ionization potentials (IP) near zinc (Z = 30, IP = 9.4 eV) are gallium (Z = 31, IP = 6.0 eV) and rubidium (Z = 37, IP = 4.2 eV) [16] . Thus, isobaric contamination is expected from gallium and rubidium isotopes. The average beam intensities of the investigated zinc isotopes after mass separation are given in Table I .
The isobaric beam, consisting of laser-and surface-ionized isotopes, is continuously injected in REXTRAP [17] , where the incoming ions are trapped for a time ranging from 0 to 79 ms, depending on the time when the ion was injected. During this trapping time, the ions are cooled by collisions with buffer gas atoms (natural Ar/Ne gas). After this cooling period, the ions are efficiently transmitted as a bunch to the Electron Beam Ion Source (EBIS) [18] , which operates at the same repetition rate as REXTRAP (12.7 Hz). All ions spent an equal amount of time in the EBIS, during which they are brought to high charge states. The ions are extracted from the EBIS in a pulse of ≈700 µs and are separated according to their A/q ratio, prior to injection in the REX linear accelerator. The highly charged ions (q = 20 + for A = 74, 76 and q = 21 + for A = 78, 80) were postaccelerated by the REX linear accelerator [19] to a final energy of 2.87 MeV/nucleon (A = 74, 78), 2.83 MeV/nucleon (A = 76), and 2.79 MeV/nucleon (A = 80).
A major constraint on the possible isobaric contaminants in the beam is given by the chemical selectivity of the laser ion source [15, 21, 22] and the in-target production cross sections. Measured production cross sections of 74, 76 Rb in proton-induced fission of uranium at 1 GeV/nucleon in inverse kinematics [23] are an order of magnitude lower than for 74, 76 Zn and 74,76 Ga. Indeed, no evidence was found for γ rays from 76 Rb or daughter decay products from 74 Rb (because no γ rays are known in the β decay of 74 Rb), in the measured β-decay γ spectrum observed in the MINIBALL array at the secondary target position and in the single coaxial germanium detector positioned near the beam dump.
The production cross section for 78 Rb in high-energy proton-induced fission of uranium attains the same order of magnitude as 78 Zn [23] . The A = 78 beam was sent into a E-E (gas-Si) telescope, installed at the end of the linear accelerator to check the beam composition. The ions were identified in a E-E plot, which is shown in Fig. 1 . A strong 78 Rb contamination is observed when the A = 78 beam is produced by high-energy proton-induced fission of uranium ( Fig. 1, left) . To suppress the rubidium contamination, the proton beam was directed on a heavy metal (W) rod (the "neutron converter"), resulting in a flux of spallation neutrons escaping from the metal rod. These induce mainly fission in the neighboring UC x primary target [24] . The E-E identification plot (Fig. 1, right) shows that the 78 Rb contamination is largely suppressed when the ions are produced by neutron-induced fission.
During the A = 80 experiment, the primary target was equipped with a quartz transfer line [25] , which absorbs a major part of the largely produced and surface ionized 80 Rb. Radioactivity from 80 Ga and 80 Rb was identified in the β-decay γ spectrum at the secondary target position and in the beam dump. From the intensity balance of β-decay γ rays from 80 Ga and its decay daughter products, no evidence was found for other isobaric contaminants. The high chemical selectivity of the quartz transfer line, which was available only during the A = 80 experiment, allowed use of high-energy proton-induced fission that gives about three time higher yields for the considered zinc isotopes compared to the usage of the converter and neutron-induced fission [26] .
An additional source of isobaric beam contamination becomes apparent when the half-life of the investigated isotope is comparable to the trapping and charge breeding time. In those cases, decay losses of the short-lived isotope in the REXTRAP and EBIS need to be taken into account. The decay of zinc isotopes into gallium isotopes during the bunching and charge breeding periods adds to the gallium contamination from the surface ionization in the primary target. The fraction of zinc isotopes that decays to radioactive gallium isotopes during the trapping time was calculated analytically, assuming a constant release from the primary target during the 79-ms trapping period and a constant charge breeding time for all isotopes. The fraction of zinc or gallium isotopes in the postaccelerated, laser ionized beam is denoted f Zn or f Ga , respectively, and the ratios f Ga /f Zn are given in Table I for all considered masses. The considered gallium isotopes are sufficiently long lived to ensure that f Ga + f Zn ≈ 1 and the production of grand-daughter isotopes is thus not considered.
The postaccelerated radioactive ion beam was sent on a secondary thin target, where Coulomb excitation was induced on all isobaric isotopes. Typical average zinc beam intensities on the secondary target are summarized in Table I . The REX transmission efficiency of 1-5% includes the trapping efficiency, charge breeding efficiency for the selected A/q and the overall transport efficiency of the accelerator. For the A = 74, 76 beams, a 2.3-mg/cm 2 120 Sn target was used. The moderately low-excitation cross-section and the high E(2 + 1 ) of 120 Sn make this target well suited for relatively higher intensity A = 74, 76 beams. For the lower intensity beams of A = 78, 80 a 2.0-mg/cm 2 108 Pd target was chosen with a higher excitation probability and with de-excitation lines that would not contaminate the region where the 2 + 1 states of 78, 80 Zn were expected to occur. The secondary target was surrounded by the MINIBALL germanium detector array, consisting of eight cluster detectors [27] , to detect the prompt γ rays following the Coulomb excitation. Each cluster detector consists of three germanium crystals, which are in turn electrically segmented into six parts. The high segmentation of the MINIBALL array allows the determination of the angular coordinates of the detected γ rays accurately, relative to the center of the detector array. The absolute full-energy peak efficiency of the detector array is 7.7% at 1.173 MeV after cluster add-back. The scattered beam nuclei and the recoiling target nuclei are detected with a double-sided silicon strip detector (DSSSD) [28] . The DSSSD covers an angular range from 16.4
• to 53.4
• in the laboratory. For the A = 74, 76, 78 experiments, the active area of the DSSSD was limited to an angular range from 29.1
• to prevent radiation damage to the inner rings of the detector due to the high elastic scattering rate and the relatively high beam intensity for A = 74, 76. The front of the detector is segmented in 16 annular strips, providing information on the laboratory scattering angle θ of the particles. The back side is segmented in 24 sectors, providing the azimuthal scattering angle. Detected recoiling target and scattered beam particles could be separated in the DSSSD, based on their different kinematics. The angular information of the detected particle and γ ray is used to perform a Doppler correction of the γ -ray energy on an event-by-event basis, assuming the γ ray was emitted in-flight by the detected particle. Over the detected angular scattering ranges, the distance of closest approach (d) fulfills
T ) + 5 fm, ensuring that the excitation is purely electromagnetic [29] .
B. Data reduction and analysis
Data was acquired during 800 µs, covering the arrival time of the particles at the secondary target after they have been ejected from the EBIS. These spectra will be referred to as inbeam singles γ -ray spectra. In between two beam pulses from the EBIS, data were acquired during the same amount of time (800 µs), which will be referred to as off-beam singles γ -ray spectra. The γ rays, detected with the MINIBALL array, were registered during these time periods without any conditioning. The unconditioned in-beam singles γ -ray spectra contain the room background, the β-decay activity, originating from scattered beam particles in the target chamber, x rays from the accelerator cavities, and prompt radiation following the Coulomb excitation process. The off-beam spectra do contain neither beam-nor accelerator-related radiation, because the REX linear accelerator is pulsed at the same rate as the EBIS. The in-beam singles γ -ray spectrum is shown in Fig. 2(a) for the A = 74 experiment. As indicated above, the high statistics singles γ -ray spectra were used to identify different radioactive contaminants in the isobaric ion beam. To suppress the dead time in the particle detector electronics during the A = 74, 76 experiments, the particle trigger consisted of a particle-γ coincidence trigger (600-ns coincidence window) and a particle trigger that was downscaled by a factor 2 6 . The γ rays within a prompt time coincidence window of 225 ns were selected to construct the Coulomb excitation spectra. The prompt particle-γ time coincidence window is shown in Fig. 2 (d) in black and the resulting "prompt" γ -ray spectrum is shown in Fig. 2(b) . A huge reduction of the radioactive β-decay background is obtained. Random coincidences were selected over a particle-γ time difference window of in total 3.75 µs, which is partly shown in Fig. 2(d) . Appropriate scaling factors for the random spectra were obtained from the average intensity ratio of β-decay lines observed in both random and prompt spectra. These scaling factors were 0.31(0.33,0.12,0.48) for the A = 74(76,78,80) experiments. The resulting scaled "random" γ -ray spectrum for A = 74 is shown in Fig. 2 (b) in gray. The random subtracted prompt γ -ray spectrum is shown in Fig. 2 (c) for A = 74 and a background-free Coulomb excitation spectrum is obtained, where the different Coulomb excitation lines can be integrated reliably.
During the experiments, the selective laser ionization (see Sec. II A) was periodically turned ON and OFF to normalize the experiments (see Sec. II C for more details). Fig. 4(b) . A 730-keV γ ray was observed before in an isomeric decay study of the 8 + 1 state in 78 Zn [30] and in a β-decay study at ISOLDE [31] and it was tentatively identified as the 2 + 1 state in 78 Zn. Because in Coulomb excitation, the dominant excitation cross section is of E2 type, the spin and parity of the 730-keV level is now established, as evidenced in Fig. 5(b) . The 2 + 1 state in 80 Zn has not been observed before and this Coulomb excitation study provides the first observation of this state at 1492 keV.
The Coulomb excitation cross sections and the γ -ray yields following the de-excitation process were calculated with the computer code GOSIA2, which is based on the electromagnetic excitation theory by Alder and Winther [32] [33] [34] . GOSIA2 takes into account the angular distribution of the γ rays, the energy loss of the beam in the target, the Doppler shift of the detected γ -ray energy in each γ detector, and the relative efficiency curve of each γ detector. The γ -ray yield from the beam nuclei (zinc isotopes) was normalized to the observed γ -ray yield from the target nuclei. The calculated ratio of 2
yield from target and zinc nuclei was fitted to the experimental ratio by changing the B(E2 ↓)(= 
C. Beam contamination and normalization
The determination of the B(E2, 2
values depends strongly on the knowledge of the experimental γ -ray yield from the target nucleus that was induced by incoming zinc isotopes. Thus, the beam composition is a crucial parameter in the normalization to the target excitation. As discussed in Sec. II A, the composition of the beam before injection in the REX-TRAP is different than the beam extracted from REX-EBIS due to the decay of zinc to gallium isotopes during the trapping and charge-breeding processes. Taking I l as the total beam intensity due to laser ionization, this intensity can be written as a mixture of zinc and gallium isotopes:
l , taking the f values from Table I and using the fact that f Ga + f Zn ≈ 1. The number of target de-excitation γ rays induced by zinc isotopes is given by 
1.
74,76,78 Zn
As discussed above, the only isobaric contamination in the A = 74, 76, 78 beams originates from surface ionized gallium (Z = 31), so Eq. (1) can be reduced to
where I s Ga is the surface ionized gallium beam intensity. The ratio of surface-ionized gallium over laser-ionized zinc isotopes in the beam (
f Zn I l ) was determined by switching the laser ionization periodically on and off with a typical periodicity of ∼20 s. Averaged over a the complete laser ON/OFF run, the laser is blocked for 50% of the time. These "laser ON/OFF" runs were performed at regular time intervals during the experiments and are shown with the shaded areas in Fig. 7 . In total, 25%(22%,29%) of the measuring time on mass A = 74(76,78) was spent in this laser ON/OFF mode. From the number of scattered particles in the DSSSD during laser ON (N ON ) and laser OFF (N OFF ) periods, the ratio
can be determined as follows:
where σ x R denotes the elastic Rutherford cross section for element x. Possible fluctuations in the laser ionization efficiency during laser ON periods can change the ratio 
where the factor 2 stems from the fact that half of the measuring time, the Zn beam was not present. The ratio
f Zn I l during laser ON periods can be extracted based on the observed gallium and zinc de-excitation γ rays:
where the factor 2 has been omitted, because the laser ionization (and thus the zinc beam) was present during the full measuring time. For the A = 78 beam, the ratio I s Ga f Zn I l , measured during the laser ON/OFF periods, was related to the observed Ga and target de-excitation γ -rays (the 281-keV γ ray from 78 Ga and 434-keV γ ray from 108 Pd), because the statistics in the 730-keV transition from 78 Zn is too low during the laser ON/OFF periods. This yields the following relation: (6) and the ratio I Ga f Zn I l during laser ON runs is thus given by
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The Zn/Total ratios for the A = 74, 76, 78 beams, given by
, are plotted for each laser ON/OFF measurement in Fig. 7 and are summarized in Table II in the column "ON/OFF." The horizontal lines in Fig. 7 indicate this ratio during laser ON periods, determined with the methods described above. The dashed lines indicate the error bar on the ratio during the laser ON periods. These values are summarized in Table II Table II as well.
2.
80 Zn
As discussed above, two isobaric contaminants were identified in the A = 80 beam: 80 Ga and 80 Rb. The normalized target yield, defined in Eq. (1), becomes:
The laser ON/OFF method was used as well and 6% of the measuring time was dedicated to these laser ON/OFF measurements. These periods are indicated in Fig. 7 with the shaded areas. From the difference in scattering rate in the DSSSD during laser ON and laser OFF periods, the following relation can be established during laser ON/OFF measurements:
where σ x R is the elastic Rutherford cross section for element x. Combining Eq. (8) and Eq. (9), the normalized target yield is given by: [20] ), observed in the MINIBALL array. The amount of 659-keV γ rays from the β-decay of surface ionized gallium was extracted from a comparison of the singles γ -ray spectrum during the last 10 s of the laser OFF period during the laser ON/OFF experiments (periodicity was 21.6 s). During this time period, the zinc and gallium activity from the laser ON period has diminished to <1% [the half-life of 80 Ga is 1.676 (14) s].
Contrary to the normalization methods used for 74,76,78 Zn, no correlation could be made between the parameter "R" and prompt de-excitation γ rays from the main contaminants FIG. 8. Detected number of particles in the DSSSD as a function of the arrival time in the DSSSD after the proton pulse impact on the primary target. Two time periods were selected to integrate the Coulomb excitation spectra, one from 150 to 650 ms and a second from 0 from 2400 ms. The Zn/Total ratios over these two time periods are given in Table II. during laser ON/OFF periods, due to the lacking statistics in the Coulomb excitation spectra during laser ON/OFF measurements. Therefore, the value "R," measured during laser ON/OFF periods was straightforwardly applied to the laser ON data. Two time periods were selected in both laser ON and laser ON/OFF runs. One period spans 150 to 650 ms after the proton impact. During this period, the bulk part of zinc isotopes has diffused out of the primary target (see Fig. 8 ). The second period spans from 0 to 2400 ms after the proton impact and corresponds to the full measuring period, because the maximum separation between proton pulses was 2.4 s. The average Zn/Total ratios during the laser ON/OFF periods (now given by
) and the resulting B(E2 ↓) for both time periods, are given in Table II . The circles(squares) in Fig. 7 (A = 80) correspond to Zn/Total ratios during individual laser ON/OFF measurements in the 150-650(0-2400) ms time period after the proton impact, respectively. The horizontal lines correspond to the average Zn/Total ratios during the laser ON/OFF measurements.
During the A = 80 experiment, an extended amount of time was spent with the lasers off. The sum of all laser OFF spectra is shown in Fig. 6(c) . A large amount of target excitation is observed at 434 keV, together with three prompt γ rays at 175, 201, and 376 keV, which are γ rays de-exciting known excited levels in 80 Rb. From the laser OFF data, a relation can be established between the amount of target excitation induced by surface ionized rubidium and gallium (N 
The obtained parameter κ 3 can be used during the laser ON periods to deduce the amount of target excitation induced by surface-ionized rubidium and gallium from the number of counts in the 175-keV γ ray. Thus, the number of target de-excitation counts induced by 80 Zn during laser ON periods 014309-8 is given by:
The 175-keV γ ray from 80 Rb was integrated over the same two time periods as defined above (150-650 and 0-2400 ms after the proton impact). The Zn/Total ratios during the laser ON period deduced in this manner are given in Table II in Table II . We adopt the value with the lowest relative error as our final result: B(E2, 2
D. Quadrupole moment and higher-lying states
The resulting B(E2, 2 by combining lifetime measurements of the 2 + 1 state and the data in Fig. 9 .
Higher-lying states were included in the calculation of the γ -ray yield. In the case of 74 Zn, the 4 Fig. 3 and Fig. 4) . These transitions have a relative intensity of 1.4 (2) 
III. DISCUSSION
In Fig. 10 toward N = 50, there are some conspicuous observations to be made. Only in the case of Ni (Z = 28) does the proton shell closure allow for a stabilization of both the N = 28 shell and N = 40 subshell closures. Removing just two protons (the iron nuclei), or adding proton pairs beyond Z = 28 (zinc, germanium and selenium isotopes), the peak in the E(2 + 1 ) value at N = 40 quickly disappears indicating the importance of proton-neutron correlations that seem to dominate over the normal filling of the neutron single-particle filling as implied by the monopole term. Interesting to note also is the clear difference in the energy scale for the 2 + 1 first excited state comparing the region 28 N 38 (with a typical energy of 0.8-1.0 MeV) and the 40 N 50 region (with a typical energy of 0.6 MeV), which are otherwise very similar irrespective of a proton hole (iron) or proton particle (zinc, germanium, selenium) character. This difference indicates an increased collectivity in the heavier nuclei and is clearly correlated with the filling of the neutron 1g 9/2 orbital.
The sudden decrease of the 2 + 1 states in zinc, germanium, and selenium at N = 40, accompanied with an increase of the B(E2 ↓) strength, indicates an increase in collectivity around N = 40. In germanium isotopes, this enhanced collectivity leads to a deformed ground-state configuration in 72 Ge, which is found to be a γ -soft nucleus [39] and shape coexistence appears in both germanium and selenium isotopes with N > 40. The increased collectivity in zinc isotopes with N > 40 continues up to N = 44, as reflected from the measured B(E2 ↓) value in 74 Zn in this work and in Ref. [13] , which are in agreement with each other. The enhanced collectivity in 70−74 Zn can be understood from a weak N = 40 shell gap, a maximum in neutron pairing correlations and the two protons outside the Z = 28 shell gap [40, 41] . Across midshell, at N = 46, the collectivity suddenly drops. From the measured B(E2 ↓) values, deformation parameters β 2 can be deduced using the expression for vibrational motion [36] B(E2; 0
resulting in values of 0.25(1), 0.21(1), 0.15(2), and 0.14(2) for the A = 74, 76, 78, and 80 zinc isotopes. If we consider the extracted value of β 2 as a qualitative measure of deformation, one can consider the structure of the Nilsson single-particle spectrum near the value of β 2 = 0.25. It turns out that the lowest-lying three Nilsson states originating from the spherical 1g 9/2 orbital are all strongly downsloping for both prolate and oblate deformation, which would make deformation energetically less favorable in 78,80 Zn. A few interesting quantities such as the energy ratio R 4/2 ≡ E x (4 give a qualitative idea on the collective properties characterizing the low-energy nuclear structure in atomic nuclei. In Fig. 11 , we present those ratios for the zinc isotopic chain. The R 4/2 ratio in the range 2 to 2.5 are typical values for nuclei that exhibit an apparent vibrational character. It turns out that for all zinc nuclei, the R 4/2 ratio is within that range [31] . There is a most interesting modulation with the lower values correlating with the neutron number N = 40 and most probably with N = 28 and N = 28 that hint at a more Zn, which are of the order of 1, or even less, do not support such a simple vibrational picture in which, for pure harmonic vibrations, this ratio is 2. This vibrational picture is also equivalent with the large boson number limit of the IBM-1 U(5) symmetry [42] . In the same model, there exists an interesting symmetry, the O(6) symmetry, which can be characterized by a R 4/2 ratio of 2.5 and a B(E2 ↓) ratio of 10/7 (in the large boson number limit). This O(6) symmetry is equivalent to γ -soft nuclei when using a geometrical picture and the above ratios become exactly 2.5 and 10/7, respectively, in the extreme γ -independent model of Jean-Wilets [43] . The characteristic R 4/2 and B(E2 ↓) ratios are shown in Figs. 11(a) and 11(b) for those particular limits of the U(5) and O(6) limit such that no boson (neutron number) dependence remains (which is not the case in more realistic studies). These lines also correspond exactly with the geometrical harmonic vibrational and γ -independent values. From the limited experimental data in Fig. 11 , one can conclude that the low-energy structure of zinc isotopes is indicative for γ softness or resembles more closely the O(6) symmetry. Evidence for this was found as well from a multiple Coulomb excitation study of 68 Zn, where transition strengths connecting states up to 2.5 MeV give relatively good agreement with the O(6) symmetry [44] . Inspecting the detailed level structure in the zinc isotopes, up to an energy of ≈3 MeV, these energy spectra exhibit far more complex structure that goes beyond simple collective models.
In Fig. 12 , the experimental B(E2 ↓) values for the zinc isotopic chain are compared to B(E2 ↓) values, calculated with the revised Grodzins rule (dashed line) from Ref. [36] . Because few valence nucleons are present in the zinc isotopes and a strong stabilizing effect is expected from the N = 50 and Z = 28 shell closures it is expected that this rule has limited predictive power in this region of the nuclear chart. A reasonable agreements is found for the whole isotopic chain when the calculated values are scaled with a factor 0.92 (as discussed in Ref. [36] , a simple renormalization brings the predictions in good agreement). Of course, the remarkable agreement for zinc isotopes is no guarantee that this rule applies to other isotopes with extreme N/Z ratios in this or other regions of the nuclear chart.
Recently, the B(E2 ↓) values for radioactive 78, 80, 82 Ge were measured by low-energy Coulomb excitation [38] . A dramatic drop in B(E2 ↓) strength was observed from N = 42 down to N = 50 in germanium isotopes, similar to the B(E2 ↓) trend in selenium isotopes ( 74−84 Se) and in the current results for zinc isotopes. In Ref. [38] , it was concluded that N = 50 remains a good shell closure for the N/Z ratio 1.56 ( 82 Ge), based on the excellent agreement between the experimental results and shell-model calculations, using a preliminary version of the JJ4B interaction (see below) [38, 48] , which does not include neutron excitations across N = 50.
To reach a microscopic understanding of the observed trends, large-scale shell-model studies have to be carried out for the present nuclei. In Fig. 13 , the (BE2 ↓) and E(2 + 1 ) systematics for the zinc isotopes are compared with the results of two sets of such calculations, both based on the renormalized matrix starting from the same Bonn potential [49] . In the first calculation (labeled SMI), the realistic effective nucleon-nucleon interaction based on G-matrix theory, constructed by M. Hjorth-Jensen et al. [49] , including the monopole modification for the model space, as determined by Nowacki [50, 51] , was used. The actual diagonalization was carried out using the shell-model code NATHAN [1, 52] . The model space consists of the 2p 3/2 ,1f 5/2 ,2p 1/2 , and 1g 9/2 orbitals for both protons and neutrons moving outside of an inert 56 Ni core. The input single particle energies were 1f 5/2 − 2p 3/2 = 0.77 MeV, 2p 1/2 − 2p 3/2 = 1.11 MeV and 1g 9/2 − 2p 3/2 = 3.00 MeV for proton and neutron orbitals.
Quite large π and ν effective charges of 1.9e/0.9e were used to compensate for large 56 Ni core polarization that are clearly present. Shell-model and Monte Carlo SM calculations have shown that the doubly closed shell probability of 56 Ni is only ∼65% [53] and ∼50% [54] . The second calculation (labeled SMII) was carried out using the JJ4B effective interaction [55] . This interaction was constructed, also starting from the renormalized G-matrix interaction [based on the Bonn-C NN potential (JJ4APN)], but adjustments to linear combinations of the matrix elements have been made to reproduce the experimental data for exotic Ni, Cu, Zn, Ge, and N = 50 isotones in the vicinity of 78 Ni. Proton and neutron polarization charges of 1.76e and 0.97e, respectively, were used reproducing known B(E2, 8
Mo (e π ) and 70 Ni (e ν ). Harmonic-oscillator radial wave functions were used withhω = 45A An extensive shell-model study of the influence of the neutron 1g 9/2 orbital on B(E2 ↓) strengths in germanium isotopes can be found in Ref. [56] .
In Fig. 14, energy in 80 Zn is only 77 keV higher than in the early Ji-Wildenthal interaction; however, a higher energy is calculated compared to 82 Ge. These two empirical residual interactions illustrate the extreme importance of new experimental data on exotic nuclei to develop a more general interaction. The SMI calculation (dashed line), however, performs very well for N = 50 isotones with Z > 40 but deviates for the lighter isotopes with Z < 40, as compared to the SMII calculations.
The calculated B(E2 ↓) values within SMI are shown in Fig. 14 using both e π = 1.9e (the same effective proton charge as for zinc isotopes, dashed line) and a slightly lower value of e π = 1.5e (the standard effective proton charge, dash-dotted line). In the present model space (having a closed shell at N = 50), no valence neutrons are available, so the 0 92 Mo. The empirical residual interaction SMII seems to include the effects of the polarization of the underlying core, 56 Ni, rather well. It seems like the JJ4B interaction is able to reproduce rather well the recently obtained low-energy level structure properties of the N = 50 isotope 81 Ga [58] , illustrating the applicability of this interaction in the region near to 78 Ni. Based on the calculated B(E2 ↓) values for the N = 50 isotones, no indication is found for a strong reduction of the N = 50 shell gap at Z = 30. The persistence of the N = 50 shell gap is reported as well in Ref. [59] , where high spin states in 82 Ge up to 4 MeV are reproduced with shell-model calculations excluding neutron excitation across N = 50 and in recent mass measurements [60] .
IV. CONCLUSIONS
The normalization of Coulomb excitation experiments with postaccelerated beams at ISOL facilities is hampered if considerable isobaric contamination of the radioactive ion beam occurs. In this work it has been shown how the selective laser ionization, available at REX-ISOLDE, can be used to deal with the isobaric beam contamination and how a reliable normalization can be achieved.
The ) systematics for zinc isotopes and N = 50 isotones was compared with large-scale shell-model calculations (labeled SMI and SMII). The new results for the zinc isotopes are accounted for reasonably well by the two calculations, provided a large proton effective charge of 1.9e is used in SMI. The new empirical residual interaction JJ4B (used with the SMII calculations) performs overall very well in the calculation of the B(E2 ↓) and E(2 + 1 ) in the N = 50 isotonic chain compared to the SMI calculations. This may be due to the fact that the new JJ4B has been constructed with the constraint of new experimental data in the most neutron-rich nuclei in this mass region. No direct evidence is found for an enhanced Z = 28 core polarization, but the larger proton effective charge needed in the SMI calculations to describe N = 50 isotones with Z < 40 indicate a larger proton core polarization for these isotopes. No evidence is found for breaking of the N = 50 shell gap.
